Investigation of the interfacial adhesion of the transparent conductive oxide films to large-area flexible polymer substrates using laser-induced thermo-mechanical stresses J. Appl. Phys. 114, 063513 (2013) Density modulated thin films offer a compliant property that can reduce residual stress, which typically originate during the growth of thin films. Lower residual stress improves adhesion properties of the film with reduced buckling or delamination, and therefore leads to more durable coatings. In this study, finite element analysis (FEA) was employed to simulate the residual stresses developed in density modulated silicon (Si) thin films, which incorporate alternating low and high density layers. The main focus of this investigation is not developing new FEA algorithms but to verify the impact of density modulated layers quantitatively using computational methods. Hence, verification of a predicted stress reduction enhances the current understanding of the mechanics of density modulated layered thin films. FEA simulation results reveal that low density layers act compliant and result in significant reduction in film stress especially at the interface with the substrate. For example, maximum stress at the film/substrate interface, which is in the substrate, was reduced from 2897 MPa down to 2432 MPa by simply adding a 100 nm thick densitymodulated low-density Si layer in between a 300 lm thick Si wafer substrate and 1 lm thick conventional high density Si film, which makes the reduction percentage of the maximum stress about 16%.
I. INTRODUCTION
Silicon (Si) has been considered to be an attractive candidate anode material for Li-ion batteries because of its high theoretical specific capacity of 3500-4200 mAh/g (for Li 15 Si 4 and Li 22 Si 5 structures, respectively), which is the highest known value among current anode materials. 1 Si thin film anodes are believed to be advantageous over their bulk forms in terms of shorter pathways and faster transportation kinetics in Li-ion batteries besides their better stability and capacity retention. Among the previously reported methods to improve the cycling ability and the capacity of Si-based anode materials, Si thin films exhibited the most prominent results with extensively high specific capacities. [2] [3] [4] [5] [6] [7] However, for the practical use of Si thin films in batteries, they should be thick enough so that their weight value should be comparable with the thickness of the current collector substrate (copper foil, 15-30 lm) and provide high cell capacities. 3, 8, 9 On the other hand, growing thicker Si films using physical vapor deposition methods such as sputtering and thermal evaporation can be quite a challenge since it typically suffers from residual (intrinsic) stress build up during deposition followed by buckling or delamination from the substrate. 10, 11 Therefore, control of this stress is essential for growing high mechanical quality coatings without cracking, buckling, or delamination. [12] [13] [14] Basically, there are two different types of stress that should be considered in thin film structures. These stresses could be categorized as fabrication stresses 15, 16 and operation stresses. 17, 18 In the second class, Si film anodes in Li-ion batteries also suffer from high volume expansion/ compression during lithiation/delithiation, which introduces additional stress and can lead to cracking and pulverization of the whole film. 19 When combined with the stress due to lithiation/delithiation, residual stress in Si anode can elevate the crack formation and therefore pulverization can become even more pronounced for thicker films that typically have higher residual stress. It was reported that although residual stress can be minimized in silicon films of smaller thicknesses (Շ200 nm), 20 it can still trigger significant cracking during the lithiation/delithiation. Therefore, managing the residual stress in Si thin films may also lead to avoiding mechanical instabilities emerging during electrochemical cycling of Si anode. Lower intrinsic stress or enhanced resistance to it in Si thin films can reduce the risk of severe cracking and total delamination of the anode during charging/discharging. In this work, we will focus on the residual stress originating from the growth of Si thin films, and will investigate the stress due to lithiation/delithiation in another study.
Correlation between residual stress and film microstructure with various deposition process parameters has been systematically investigated by several research groups. It was shown that there is a strong relationship between Thornton's structure zone model (SZM) and residual stress for sputtered thin films. [21] [22] [23] [24] [25] [26] It was recently demonstrated that low density thin films deposited at high working gas (e.g., argon) pressures and low temperatures have almost zero residual stress. 27 However, these films show a columnar microstructure leading to poor electrical properties. Reduction in working gas pressures develops tensile stress. However, further decrease in pressure causes a dramatic a) Electronic mail: tmdemirkan@ualr.edu change from tensile to compressive stress as the film becomes denser. These types of films are recognized in SZM as belonging to zone T. 24, 28 The working gas pressure window for changing from tensile to compressive stress is too narrow; therefore, achieving low or zero stress films by simply adjusting the pressure has not been feasible. Karabacak et al. 14, 29 have shown that compressive stress of a thin film can be reduced by depositing relatively rough and lowdensity compliant layers between each standard high density layer. Therefore, by changing the deposition conditions, density modulated multilayer thin films consisting of low and high density layers can be fabricated leading to reduced overall film stress. These low density layers, which have a packed columnar structure, were shown to act as compliant layers. These columnar layers are also believed to localize crack propagation due to their granular structure providing a large toughness.
14,29 Therefore, microcracks induced by the stress in high density layers can be trapped within the multilayers of the film. This could prevent the total delamination/ buckling of the film from the substrate making it more durable. Furthermore, density modulated films can offer enhanced wear properties due to the potential layer-by-layer delamination instead of the total peeling of the film from the substrate. All these properties can provide the fabrication of durable coatings that are resistant to stress, wear, and delamination/buckling. Moreover, similar compliant property can also help reducing film failure during volume expansion/contraction of Li-ion battery silicon anodes as it is charged/discharged. As lithium ions insert into Si it can cause a compressive stress followed by cracking in the film. Low density compliant layers in density modulated Si anodes can limit the propagation of such cracks due to the similar mechanism explained above.
Critical thickness, 20 where cracking starts to occur in Si thin films can be calculated using Griffith's 30 energy criteria. According to the Griffith's criteria, if the surface energy of the cracked Si is lower than the strain energy of the thin film, cracking becomes possible. The critical maximum film thickness (h c ) without cracks depends on Possion's ratio (c), cracking resistance force (G C ), Young's modulus (E), and stress (r) of the film as following:
Therefore, one needs to take into account the effects of the mechanical parameters in Eq. (1) in order to make stable Si thin films with thicknesses larger than a certain value.
Reducing the overall stress of the film originating from growth (residual) or during lithiation/delithiation could significantly increase the critical film thickness. Another way of obtaining more stable thicker films can be through the increase in cracking resistance force.
In this work, we present a theoretical modeling study on a novel way of reducing the film stress using low density compliant layers and increasing film's resistance to mechanical fragmentation, 31 which can lead to the fabrication of thicker and more stable Si film anodes. The main focus of this study is to investigate the mechanics of Si thin films in the presence of such a low density Si layer and determine the dependence of maximum stress on parameters including thicknesses of high density film, low density film (compliant layer), and Young's modulus value of the low density layer.
II. MODELING
Finite element analysis (FEA) has been extensively employed to perform the stress analysis in thin films in the literature. 17, 18, 32 FEA is a powerful numerical modeling tool that can simulate stress and deformation in wide range of materials of various shapes. Analytical modeling is quite challenging for films of nonuniform microstructure. Therefore, FEA becomes convenient as it can numerically solve mechanical equations for complicated geometries.
FEA consists of three main steps including preprocessing, analysis, and postprocessing. The analysis step constructs and solves a system of linear or nonlinear algebraic equations using
where "F" and "x" are externally applied force and nodal displacement, respectively; "k" is the stiffness matrix as a function of material behavior and model geometry. FEA codes solve Eq. (2) and calculate the nodal displacements. 33 Modeling work has not been reported yet on predicting the stress reduction in density modulated thin films. Previous studies were mainly experimental demonstrations of compliant property and enhanced mechanical durability of the density modulated thin films. 21, 22 Therefore, the results obtained in this study will enhance the knowledge regarding to the stress and failure mechanisms of density modulated thin film layered structures.
The materials simulated in all of the computations performed in this study are single-crystal silicon and amorphous silicon, which are brittle materials. Therefore, in our FEA modeling of residual stresses in density modulated thin films, any kind of plastic deformation is neglected. The FEA mesh, boundary conditions on the models, and the dimensions of the substrate are shown in Fig. 1(a). Figures 1(b) and 1(c) show the zoomed-in mesh of the thin layer on the substrate. The commercial FEA software package ANSYS was employed in all of the numerical calculations in this study. Each silicon thin film is assumed to be deposited on silicon wafer substrate. There are two different structures considered in this study. The two-layer structure consists of the crystal silicon substrate and the amorphous-Si thin film layer, while the three-layer structure has the low-density thin layer between the substrate and the amorphous-Si thin film layer. Even though there are two different structures considered in this study, there are four different model sets developed and modeled as summarized in Table I . As a baseline case, thin film amorphous layer deposition on the silicon substrate had been simulated, and then we started three-layer analyses by embedding the low density modulated layer in between the high density thin film layer and the silicon substrate in order to reduce the maximum tensile stress in the substrate. The thicknesses of the low density as well as high density film layers and Young's modulus of the low density thin films were the parameters simulated and the impact on the maximum stress is quantified in the computational results.
The Young's modulus E of the crystalline silicon, which is considered as Si substrate under the Si thin films, is 180 GPa and the Poisson's ratio (PR) is 0.26 in Ref. 13 . There is no data available in the literature for the low density amorphous Si thin films. However, it can be assumed that the E of the Si thin films changes approximately linearly with the density of film.
14 Therefore, the E of the high density amorphous silicon is considered and modeled to be 90 GPa, while 45 GPa was assumed for the low density thin film E, and both high-and low-density amorphous silicon were simulated using 0.26 as the PR.
The intrinsic loading applied in the calculations was simulated by thermal expansion in the thin film layer. The main goal of this study was quantitatively characterizing the impact of the density modulated layer. A reasonable strain loading was selected for a comparative analysis. The loading could have been any arbitrary number as long as the physics of the problem is simulated thoroughly. Therefore, 3% strain was assumed in the thermal loading.
Applying thermal loading is a methodology, which is adapted in this study to simulate the intrinsic stresses in a thin film structure. In other words, our modeling approach does not consider heat transfer or changes in the heating related physical or chemical properties such as melting, crystallization, or thermal stress. Therefore, in this study, we focus on the stress values generated as a result of thermal loading and treat it as the residual stress introduced during thin film deposition. Thermal loading manifests itself as body loading; therefore, applying thermal strain as body loading would appropriately simulate the residual strain in thin film layer structure. The modeling technique is dependent on the multiplication of "coefficient of thermal expansion (CTE)" and "temperature difference." Individual "CTE" and "temperature difference" values could be any combination but the multiplication of these two parameters should be 3% strain, as we assumed as the residual intrinsic strain after fabrication, in order to obtain comparative results. Since we present a comparative study, any strain value could be chosen. However, 3% was selected based on the strain values reported in Ref. 18 . In order to introduce such stress in the film, its temperature was increased by 5812 uniformly across the film layer with a CTE of 5.2 Â 10
À6
, resulting in strain loading 5812 Â 5.2 Â 10 À6 ¼ 0.03 (3%). Furthermore, the same 3% thermal strain loading could have been simulated with a CTE of 0.03 and by increasing the uniform temperature by one degree only, which would suffice to obtain 3% thermal strain loading. As long as the product of CTE and the temperature difference is kept at 3%, any kind of combination of CTE and temperature change could be employed to simulate 3% mechanical strain in the computations to characterize the mechanical response of the thin film in a layered structure.
While 3% strain loading was applied in the film layer as a body loading, on the other hand, the temperature of the substrate was kept the same, which mimics a zero-stress substrate. Therefore, the substrate constrains a thin film with residual stress through the interface between the film and substrate. While the thin film is trying to expand due to the applied strain loading, thin film is moving into compression and the substrate experiences the tension simultaneously. In other words, the applied strain results in compressive stress in the film and tensile stress in the substrate.
III. RESULTS AND DISCUSSION
There are four sets of analyses performed in this study (see Table I ). The maximum stress results obtained from the numerical computations are summarized in Table II . Our main focus was on determining the effect of the density modulated thin film layer on the maximum stress that is introduced on the substrate. Therefore, the results obtained from the first set of analyses establish the baseline values. Set-2 and set-3 provided basic information on the impact of the density modulated layer, and also the effect of varying thickness in both low density and high density layers. Set-4 results point out the sensitivity on Young's modulus value of the low density thin film layer, which is given as a percentage of the E of high density thin film layer.
The thin film layer thickness was increased gradually to determine the stress variations in the structure in the first set of analyses performed in this study. Figure 2(a) shows the stress contours in one of the five models developed in this set. The maximum tensile stress is obtained for the substrate in the vicinity of the thin film-substrate interface. The thin film experiences compression while it is pushing the substrate out through the interface. If there was no substrate, the thin film would expand uniformly without any intrinsic stress. Therefore, the residual stresses in the structure are due to the mechanical constraint applied on the thin film by the substrate. The maximum tensile stress calculated in the substrate is 2708 MPa for 3% applied strain loading. This maximum computed value is a relative number per the applied loading, e.g., if the applied loading is reduced by 50%, the maximum stress will reduce by the same magnitude as 50%. In all of the five models analyzed in the first set, they have the same 3% strain loading. The maximum stresses shown in Fig. 2(b) were obtained by varying film thickness values including 600, 800, 1000, 1200, and 1400 nm. The models simulated in Fig. 3 have the same high density film layer thickness as model 1(c) (see Table II) , which is 1000 nm high density film layer thickness. The stress contours plotted in Fig. 3(a) 
Set 1 models
Thin film thickness (nm) Maximum SX (Mpa) Set 2 models Low density film thickness (nm) Maximum SX (Mpa)   m1a  600  2708  m2a  60  2667  m1b  800  2818  m2b  80  2546  m1c  1000  2897  m2c  100  2432  m1d  1200  2959  m2d  120  2373  m1e  1400  3008  m2e  140  2322 Set 3 models High density film thickness (nm) Maximum SX (Mpa) Set 4 models Ratio of E values of low and high density layers Maximum SX (Mpa)  m3a  800  2349  m4a  0.05  2028  m3b  900  2394  m4b  0.1  2254  m3c  1000  2433  m4c  0.2  2390  m3d  1100  2467  m4d  0.3  2430  m3e  1200  2503  m4e  0.4  2440   TABLE I . Computational models developed in order to characterize the stresses in density modulated thin film structures.
Model sets Description
(1) Two-layer-model with varying film thickness Substrate thickness is 300 lm, while the thin film layer thickness varies. Five different thin film layer thicknesses, including 600, 800, 1000, 1200, and 1400 nm, are simulated in the calculations.
(2) Three-layer-model with varying low-density thin film thickness High-density film and substrate thicknesses are 1 and 300 lm, respectively, while varying the low density film layer thickness. Varying low density thin film thicknesses including 60, 80, 100, 120, and 140 nm.
(3) Three-layer-model with varying high-density thin film thickness Low-density film and substrate thicknesses are 100 nm and 300 lm, respectively, while varying the high density film layer thickness.
Varying high density thin film thicknesses including 800, 900, 1000, 1100, and 1200 nm.
(4) Three-layer-model with varying Young's Modulus in the low-density thin film layer Low-density film layer, high-density film layer, and substrate thicknesses are 100 nm, 1 lm, and 300 lm, respectively, while varying the Young's modulus in low density film layer.
should be compared to model 1(c) in order to understand and quantify the impact of low-density modulated film layers in the assembly. The maximum stress in model 1(c) is 2897 MPa, which does not have a compliant layer. Density modulated compliant thin film layer results of stresses ranging from 2322 to 2667 for thickness values varying from 140 to 60 nm, respectively, are shown in Fig. 3(b) . If the maximum stresses determined in models 1(c) and 2(c) are compared, there is 16.1% stress reduction due to a 100 nm modulated thin film layer in between the substrate and the high-density film layer. The computed values will be smaller with lower strain values. They are directly proportional to the applied strain, i.e., if 0.3% strain was assumed as the loading, then the numbers would have been 289.7 and 243.2 but still giving 16.1% reduction in maximum stress. The thickness of the high-density film layer was considered as the varying parameter in set-4 analyses. The maximum stress of 2349 MPa was obtained in model 3(a) as shown in the contour plot in Fig. 4(a) . The maximum stress results increase linearly as shown in Fig. 4(b) as the thickness of the high density film increases over a 100 nm thin layer of low-density thin film layer. All of the computed values obtained in this study are smaller than the strength values for silicon published in the literature. 34 We note that there is no available data in the literature on the material properties of the density modulated thin-film layer. Therefore, it was assumed that the Young's modulus E in the density modulated thin film layer will be smaller than the one in the high-density thin film layer. It was assumed as 50% of the high density film E in set-2 and set-3 computations, while it was investigated in set-4 analyses by keeping all of the layer thicknesses the same and only varying the E of the density modulated layer as shown in Fig. 5 . Another parameter that needs further experimental investigation is the actual residual stress of strain forming during the physical vapor deposition of silicon thin films. In addition, since the thickness of the Si thin films are crucial for battery applications, experimental tests are being performed to determine critical thickness of the multilayer Si thin films, which can be manufactured without delamination.
IV. CONCLUSION
The results obtained in this study shed light on the fundamental understanding of intrinsic stresses observed in similar thin film structures. Knowing the stress variations in thin layers will provide more robust designs by optimizing the geometry and material property of layers in the structure.
It was shown that a low density layer can introduce compliant behavior to a thin film that is under stress. We modeled the change in the residual stress in a conventional high density silicon thin film after the introduction of a low density compliant underlying Si film in between the substrates. It was shown that the resulting density modulated structure significantly reduced the maximum stress values concentrated at the film/substrate interface, which suggests the possibility of avoiding buckling or delamination of the coating. Therefore, density modulation can lead to the development of durable coatings with enhanced resistance to intrinsic or extrinsic stress, such as due to the residual stress originating from high energy species during film growth, thermal stress, or stress due to the insertion of ions/atoms as in the case of Si film anodes for Li-ion batteries. The simulation methodology employed in this study could also be utilized to analyze the maximum stresses during Li insertion/extraction in Si thin film anodes, which will be investigated in a future study.
